Rates and CP asymmetries of the non-leptonic two-body decay of B c are calculated based on the low energy effective Hamiltonian. We concentrate on such b quark decays of the processes with 0 − and 1 − S-wave particles and/or 0 + and 1 + P-wave particles in the final states. The Salpeter method, which is the relativistic instantaneous approximation of the original Bethe-Salpeter equation, is used to derive hadron transition matrix elements. Based on the calculation, it is found that the best decay channels to observe CP violation are B
Introduction
The discovery of the B c meson [1] has provided a new valuable window for studying the heavy quark dynamics and CP violation. Studies on the B c decays and their CP asymmetries have drawn much attention in accordance with the coming LHC-b experiment. Since the LHC-b is expected to produce around 5 × 10 10 B c events per year [2] and to provide detailed information about the B c meson, it becomes more and more strongly relevant to investigate B c decay and its CP violation in detail.
There are two major reasons which make the B c meson special. The first is that it is unique to have two heavy-flavored quarks, composed of a charm quark (anti-quark) and a bottom antiquark (quark). The other heavy quark in the Standard Model, i.e. the top quark, cannot form a hadron because of its too short lifetime to be hadronized. The second reason is that it can decay only via weak interactions, since the pure strong and electromagnetic interacting processes conserve flavors, and the B c meson, as the ground state of cb system, is below the BD mesons decay threshold. Due to these properties, the B c meson has a long lifetime and rich decay channels.
The quark diagrammatic approach has established and well developed for meson decays. In the approach, there are five diagrams contributing to B c decays: the color-favored tree diagram, * cskim@yonsei.ac.kr † gl wang@hit.edu.cn final state interactions including penguin effects (hard strong phases), which can be estimated perturbatively, as well as rescattering effects (soft strong phases), which cannot be estimated solidly now. Therefore, we only discuss penguin effects for the generation of strong phases in this paper.
Non-leptonic two-body decays can play an important role for exploring the direct CP violation. So far many works on non-leptonic B c decays and their CP violations have been investigated [3] - [16] . But in those works CP violation of the channels with P-wave final states has not been considered. Here we are going to concentrate on such non-leptonic two-body decay channels that may have direct CP asymmetries: We study the b(b) quark decays with final states involving not only pseudoscalar (0 − ) and vector (1 − ) particles but also 0 + and 1 + P-wave particles. Since the contributions from the annihilation diagram and space-like penguin diagram are helicity suppressed, these two type diagrams are ignored in our calculation. Furthermore, the electroweak penguin effects are much smaller compared to the QCD penguin effects, so only the QCD penguin effects are considered here. Therefore, only the two tree diagrams and the timelike QCD penguin diagrams are fully considered (see Fig. 1 ). The CP asymmetries arise from the interference between the penguin diagrams and tree diagrams or/and the penguin diagrams themselves.
2
In our calculation the factorization approach is assumed and the Salpeter method is used:
With the factorization approach, the amplitude can be expressed by the products of form fac- The remainder of this paper is organized as follows: In section 2, the factorization approach based on the low energy effective Hamiltonian is introduced to evaluate the decay amplitudes.
Section 3 contains a brief review on the Salpeter method and our model calculation. Section 4 is devoted to numerical results and discussions.
Nonleptonic two-body decay and its CP asymmetry of B c
In weak decay analysis, the basic starting point is the effective weak Hamiltonian [17] , which in the case of b → u decay is
where Q u 1 , Q u 2 are the tree operators in b → u decay, which would be replaced by Q c 1 , Q c 2 in b → c decay. Q 3 , Q 4 , Q 5 and Q 6 are the QCD penguin operators. All these local operators are
where q ′ = s or d, and the subscript α, β are color indices. q x ranges from u, d, s to c. The
, and the operators with V + A represent for the right-handed currents. In Eq. (1), C 1 , C 2 in front of the tree operators are Wilson coefficients. N c = 3 is the number of colors and V′ are the CKM matrix elements. I i (i = u, c, t) are the QCD loop integrals [4, 18] :
where m u,c,t are the current quark masses; k is the momentum of the gluon in penguin diagram, see Fig 1 c . Usually one takes a certain value of k 2 in the range [
. As argued by the authors in Ref. [6] , it is not a good choice to pick up a fixed value of k 2 for all decay modes. In this work, we follow the simple kinematic picture presented in Ref. [6] for the value of k 2 . One can see from Fig. 1 c, as c quark being a spectator, the relation of the momenta among the quarks and gluon p b = k + p q ′ = p qx + pq x + p q ′ are hold. Since the q ′ quark and theq x anti-quark form a meson, noted as X, the momentum of X satisfies p X = pq x + p q ′ . With these
, where φ is the angle between the 3-momenta of b quark p b and q ′ quark p q ′ in the rest frame of the X meson. Since the angle φ is unknown, we use the averaged valuek 2 to evaluate the loop-integral functions. After all, one getk
Now we turn to evaluate the decay amplitudes in factorization approach [20, 21] and take the B − c → η c + D − channel as an example. The decay amplitude of this process is η c , D − |H eff |B − c . First, consider the color-favored tree diagram (see Fig. 1 a) , where the tree operators Q c 1 and Q c 2 contribute. Using the Fierz rearrangement
where the "Octet" is the color-octet term which does not contribute in the factorization approach. One can get the amplitude of the color-favored tree diagram
where
Nc + C 2 . The other two amplitudes (corresponding to Fig. 1 b and Fig. 1 c) can be obtained in the same way. In the penguin diagram, we will encounter the term (dc) S+P (cb) S−P , 4 where (q 1 q 2 ) S±P = (q 1 (1±γ 5 )q 2 ). To evaluate these terms, we use the equation of motion, which gives
where P and P ′ are the momenta of initial and final states respectively and m 1 , m 2 are the current quark masses. Now we can write the decay amplitude of the process
has been used to achieve the expression. The decay width is Γ = | p| 8πM 2 Bc pol |M| 2 , where p is the 3-momentum of one of the final state particles in the rest frame of B c . Generally the amplitude can be written as
The amplitude for CP conjugated process can be obtained by conjugating the CKM matrix elements but not T 1 and
The CP asymmetry is defined as
Inserting the expression of the amplitude, one can get
..
In the Wolfenstein parameterization of CKM matrix, up to the λ 3 order, only V ub has weak phase, so we take γ ≡ arg(−
cb Vcs ). Then the CP asymmetry drops to a simple form:
In our calculation, we take numerical values of CKM elements as [22] |V 
The Salpeter method and the model calculation
To estimate the decay rates and CP asymmetries, the hadron matrix elements need to be calculated. In our work, we use the Salpeter method [23] , which is the relativistic instantaneous approximation of the Bethe-Salpeter (B-S) equation, with well defined wave functions to deal with the hadron matrix elements.
The B-S equation [24] is written as
where χ p (q) is B-S wave function of the relevant bound state. P is the four momentum of the state and p 1 , p 2 , m 1 , m 2 are the momenta and constituent masses of the quark and anti-quark, respectively. From the definition
one can deduce the expression of relative momentum between quark and anti-quark q. V (P, k, q)
is the interaction kernel which can be treated as a potential after doing instantaneous approximation, i.e. the kernel takes the simple form (in the rest frame)
For convenience, we divide the relative momentum q into two parts,
where M is the mass of the meson. Correspondingly, we have two Lorentz invariant variables:
With the definitions
and after performing the integration over q P in Eq. (17), the B-S equation can be written as
, and Λ ± 1 , Λ ± 2 are the generalized projection operators,
Now we introduce the notations
With these notations the full Salpeter equation can be written as
In our model, the Cornell potential, which is a linear scalar interaction plus a vector interaction, is chosen as the instantaneous interaction kernel V .
In solving the equations, the constituent quark masses are taken as
The form of wave functions with certain quantum numbers
and 1 +(−)1 are written as
1 J P for general particles, J P C for quarkonium i.e. the equal mass system. The wave functions satisfy the correct C-parity spontaneously when the masses of quark and anti-quark are equal.
and h i (q ⊥ ) are wave functions to q 2 ⊥ ; M is the mass of corresponding bound state; ǫ λ ⊥ is the polarization vector for J P = 1 ± state. With these wave functions, we solve the Salpeter equation (Eq. (19) ) and get
(2536) = 2.535, and M Bc = 6.276 in unit of GeV. In our method, the wave functions are constructed for certain J P C quantum state, such as χ c1 , which is a J P C = 1 ++ state and also a 2s+1 L J = 3 P 1 state and h c which is a 1 +− or 1 P 1 state. This is the case for quarkonium. For the particles composed of a couple of quark and anti-quark with different masses, the two states are just 3 P 1 and 1 P 1 states and both are J P = 1 + states (such states don't have C-parity), so the mixture between the 3 P 1 and 1 P 1 states may happen. If one puts the quark masses equal, the two states are spontaneously deduced to 1 ++ and 1 +− states respectively. The particles D − s1 (2460) and D − s1 (2536) are considered to be mixed of 3 P 1 and 1 P 1 states. In this work we take the mixing relation as
where |P corresponds to the D − s1 (2536). Interested reader can find details about the Salpeter method and our model in Ref. [25] .
With the wave functions of bound states, we can calculate hadron matrix elements, such Mandelstam formalism [26] , at the leading order, the transition matrix element can be written as [27] 
where Γ µ = γ µ (1 − γ 5 ); P and M is the momentum and mass of initial state, i.e. the B c meson; P ′ is the momentum of η c and
is just a decay constant. For J P = 0 ± and 1 ± particles, we define decay constants f 0 ± and f 1 ± as
Accordingly the transition matrix elements can be expressed with form factors: 
130 [22] 156 [22] 207 [22] 258 [22] 205 [28] 217 [28] 231 [28] 245 [29] 272 [29] 1, 2, 3, 4) are form factors. After all the hadron matrix can be expressed in the products of decay constants and form factors.
Numerical results and discussions
We now use the method previously illustrated to estimate the non-leptonic two-body decay Table 1 .
The decay widths of B − c → η c (J/Ψ) + X − for general values of the Wilson coefficients a 1 and a 2 are tabulated in Table 2 compared with the results from other models. We can see that the results from different models are roughly comparable. In our calculation the penguin contributions are shown explicitly keeping the weak phase free. Then it is easy to say that the CP violation arises from the interference between the term with e −iγ , which is the penguin contribution, and the terms without it, which are dominated by the tree contribution.
The decay widths of B − c → χ c0 /χ c1 /h c + X − for general values of the Wilson coefficients a 1 , a 2 and weak phase γ are shown in Table 3 . For B − c → χ c0 /h c + X − decay, the contribution from the color-suppressed diagram is vanished due to the zero decay constants of χ c0 and h c , so the a 1 term dominates the decay width. But this is not true for the decay B − c → χ c1 + X − . We can see from the table that the numerical factors in front of a 2 are about several times as the factors in front of a 1 , and because the Wilson coefficients are usually taken as a 1 = 1.14, a 2 = −0.20 [30] , the two terms are in the same order and may cancel each other a lot. It means that in this case the decay widths are largely suppressed and may cover effective contributions from the penguin diagrams. 
large as the tree diagram contributions. So one can expect these channels have sufficiently large CP asymmetries.
To estimate numerical values of decay rates and CP asymmetries, we now take a 1 = 1.14 and [16, 30] . For the weak phase, we use the relation γ = arg(ρ + iη) and take the valuē ρ = 0.132,η = 0.341 [22] , which give γ = 1.20 (68.8 • ). The lifetime τ Bc = 0.46 [31] is used to calculate the decay branching ratio. Taking these values we calculate branching ratios and CP asymmetries of non-leptonic two-body B c decay which are shown in Table 5 and Table 6 . In the tables, D 1 and D 2 are defined in Eq. (15); ǫ f N in the last column are the numbers of B ± c events needed for testing CP violation. For three standard deviation (3σ) signature ǫ f N ∼ Table 5 . These decays are dominated by the tree diagrams, and only for CP violation, the penguin diagram effects arise through the interference with the tree diagram.
The decay ratios of the processes with a D meson (channels 1-15) in the final state are generally smaller than those with a D s meson (channels , since in the former processes the tree diagrams have CKM factor V cb V * cd which is of order λ 3 while in the processes (16-40) the tree diagrams have CKM factor V cb V * cs ∼ λ 2 , where λ = 0.2253 [22] is a Wolfenstein parameter. The CP asymmetries in the channels (1-15) are generally larger than those in (16-40) . In order to , where ǫ f is the detecting efficiency of the final state. The following values are taken in calculation: a 1 = 1.14, a 2 = −0.2 and weak phase γ = 68.8 • . For channels with η c , J/Ψ and χ c1 , color-favored tree, color-suppressed tree and penguin diagrams contribute; for channels with χ c0 and h c only color-favored tree and penguin diagrams contribute due to the zero decay constants of the χ c0 and h c .
No test the CP violating effects, we need both branching ratio and CP asymmetry to be sufficiently large. It is shown in the Table 5 that the most favorite channels are B − c → η c + D − /D * − 0 .
In Table 6 , we show that color-favored tree and penguin diagrams contribute in the channels (41-52); color-suppressed tree and penguin diagrams contribute in the channels (59-64); for the other channels in this table, only penguin diagram contributes. As discussed before, in the amplitudes of the processes (41-46) and (59-64), the tree contribution and the penguin contribution are in the same order, so only (47-52) are tree dominated processes. The branching ratios in Table 6 are generally smaller than those in Table 5 : It is because (i) the tree amplitudes (if exist) in the channels of Table 6 are Cabibbo suppressed due to the small magnitude of V ub , and (ii) most of the form factors for the decays listed in Table 6 are smaller than those in Table   5 .
The processes (41-46) and (59-64) have significantly large CP asymmetries. The CP violating effects are mainly coming from the interference between the tree diagram and the penguin diagram. Since the branching ratios of these decays are small, the numbers of B c for testing CP effects are around 10 9 ∼ 10 10 , which may be too large for LHC experiments. 
